Mush remobilisation and mafic recharge: A study of the crystal cargo of the 2013–17 eruption at Volcán de Colima, Mexico by Hughes, Gerallt E. et al.
Open Research Online
The Open University’s repository of research publications
and other research outputs
Mush remobilisation and mafic recharge: A study of




Hughes, Gerallt E.; Petrone, Chiara Maria; Downes, Hilary; Varley, Nick R. and Hammond, Samantha J. (2021).
Mush remobilisation and mafic recharge: A study of the crystal cargo of the 2013–17 eruption at Volcán de Colima,
Mexico. Journal of Volcanology and Geothermal Research, article no. 107296.
For guidance on citations see FAQs.
c© 2021 Elsevier Ltd.
https://creativecommons.org/licenses/by-nc-nd/4.0/
Version: Accepted Manuscript
Link(s) to article on publisher’s website:
http://dx.doi.org/doi:10.1016/j.jvolgeores.2021.107296
Copyright and Moral Rights for the articles on this site are retained by the individual authors and/or other copyright




Mush remobilisation and mafic recharge: A study of the crystal
cargo of the 2013–17 eruption at Volcán de Colima, Mexico
Gerallt E. Hughes, Chiara Maria Petrone, Hilary Downes, Nick R.




To appear in: Journal of Volcanology and Geothermal Research
Received date: 19 February 2021
Revised date: 18 May 2021
Accepted date: 21 May 2021
Please cite this article as: G.E. Hughes, C.M. Petrone, H. Downes, et al., Mush
remobilisation and mafic recharge: A study of the crystal cargo of the 2013–17 eruption
at Volcán de Colima, Mexico, Journal of Volcanology and Geothermal Research (2021),
https://doi.org/10.1016/j.jvolgeores.2021.107296
This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.
© 2021 Published by Elsevier B.V.
 1 
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ABSTRACT 
Volcán de Colima is a highly active stratovolcano at the western end of the Trans-Mexican Volcanic 
Belt. Present-day activity consists of lava dome growth and destruction, lava flows, small explosions, 
and larger explosive Vulcanian eruptions; and it has been postulated that increased frequency of 
more mafic eruptions signals the run-up of c. 100-year eruptive ‘cycles’, terminating with a Plinian 
eruption such as those in 1818 and 1913. It is therefore important to understand the role played by 
mafic recharge during interplinian activity. We present new petrological and geochemical data for 
lava and ash from the 2013-17 phase of eruption. The uniform paragenesis and geochemical 
homogeneity of bulk rocks indicate efficient long-term homogenisation of magmas within the 
plumbing system, similar to the previous 1998-2005 eruptive products. Mineral chemistry however 
preserves complex patterns of magma recharge and mixing. Chemical and textural information 
support the interpretation of two magmatic end-members – an evolved end-member saturated with 
respect to Fe-Ti oxides and apatite and crystallising low-An plagioclase and pyroxenes in the Mg# 69-
75 range; and a more primitive, mafic end-member crystallising high-An plagioclase and pyroxenes 
in the Mg# 77-88 range. Pyroxene textures and zoning patterns suggest mixing of the mafic melts 
with the evolved magma and remobilisation of the crystal mush. Two-pyroxene geothermometry 
constrains magmatic temperatures to c. 980-1000°C for the evolved end-member, and c. 1020-
1080°C for the mafic end-member. Pressure estimates suggest crystallisation at 4-6 kbar, or c. 12-18 











evolved reservoirs in a mushy magma storage system in the mid-crust, in agreement with 
geophysical data suggesting a semi-molten, partially crystallised body at this depth. From 2015, an 
increase in reverse zoned crystals, indicative of mafic injection, suggests that these melts were 
injected into the system following the large eruption in July 2015. Our findings suggest that the 
intense July 2015 eruption may be linked to increased input of mafic magmas into the shallow 
system, indicating that mafic injections may be a key process governing the timing and style of 
eruption at Volcán de Colima. 
Keywords: Volcán de Colima, magma mixing, crystal mush, mafic recharge, volcanic plumbing 
systems, crystal cargo 
1. INTRODUCTION 
Magma recharge and mixing in volcanic arc systems are processes which modulate the composition 
of erupted products and their constituent minerals (e.g. Streck, 2008). Mafic recharge into evolved 
magma reservoirs provides additional heat and volatiles that can trigger eruptions on a variety of 
scales (e.g., Anderson, 1976; Sparks et al., 1977; Eichelberger et al., 2006; Murphy et al., 2000; 
Cashman and Giordano, 2014; Ruprecht and Plank, 2013; Ruprecht and Bachmann, 2010). However, 
efficient mixing processes can homogenise the bulk chemistry of magmas (Mangler et al., 2019) 
obscuring the occurrence of such a process, which is instead preserved in the crystal cargo. 
Therefore, textural and compositional information contained in the crystal cargo is used to unlock 
important information about magma mixing and the state of the magmas (e.g., Putirka, 2008; Blundy 
and Cashman, 2008) that cannot otherwise be accessed (Holness et al., 2019; Bachmann and Huber, 
2016; Cashman et al., 2017; Mangler et al., 2020). 
Volcán de Colima is a highly active stratovolcano in western Mexico. It presents a significant hazard 
to over half a million people (Gavilanes-Ruiz et al., 2009). Like other volcanoes in the Trans-Mexican 
Volcanic Belt (TMVB; e.g. Popocatepetl, Martin-Del Pozzo et al., 2016; Citlaltépetl-Pico de Orizaba, 
Schaaf and Carrasco-Núñez, 2010; Ceboruco, Sieron and Siebe, 2008), Volcán de Colima exhibits a 
variety of styles of activity, from explosive sub-Plinian to Plinian eruptions to less-intense effusive 
and explosive periods. It has been suggested that these Plinian events are experienced on average 
every century (Luhr and Carmichael, 1980, 1990; Robin et al., 1991; Breton-González et al., 2002), 
interspersed by periods of effusive lava flows and dome growth with small-to-medium sized 
Vulcanian explosive eruptions. The most recent Plinian events at Volcán de Colima occurred in 1818 
and 1913 (Saucedo et al., 2005). This proposed cyclicity, and the frequent and sometimes intense 











current state of the magmatic system and to assess the potential for a transition to a more explosive 
phase.  
Whilst the precise role of magma recharge and mixing during Plinian eruptions at Volcán de Colima 
is still subject to debate (Atlas et al., 2006; Crummy et al., 2014; Macías et al., 2017; Saucedo et al., 
2010; Savov et al., 2008; Luhr et al., 2010), most authors agree that injection of mafic melts originate 
from deeper parts of the volcanic system itself (e.g. Atlas et al., 2006; Macías et al., 2017), or as 
some have argued, the occasional input of alkalic magmas related to nearby alkali basalt cinder 
cones (Crummy et al., 2014; Luhr et al., 2010), can provide a trigger for the Plinian eruptions. 
However, the role of magma recharge during the interplinian phases has been given comparatively 
little attention, despite its importance for forecasting future catastrophic eruptions. For example, 
Mangler et al. (2019) using the record of poorly studied interplinian effusive eruptions at 
Popocatépetl, highlighted the role of recharge following large eruptions and gradual homogenisation, 
occasional tapping of lower crustal magmas associated with specific eruptions, and flank eruptions 
that bypass most of the plumbing system altogether. The long-term dynamics of such an active 
system would otherwise be missed if Plinian eruptions were looked at in isolation (Mangler et al., 
2019). Luhr and Carmichael (1980, 1990) suggested that the activity at Volcán de Colima becomes 
gradually more mafic prior to a Plinian event, implying that magma recharge and mixing occurs 
during the interplinian phase, and may increase in frequency and volume until a Plinian event is 
triggered. It is it therefore crucial to understand the role of possible mafic injections during the most 
recent activity. 
Here, we present new petrological and geochemical data for both rocks and ash samples from 
effusive and small explosive eruptions during the highly active 2013-17 eruptive phase. The chemical 
evolution and magmatic recharge recorded in mineral phases in these samples are discussed, with 
particular focus on the varied textures and compositions of pyroxene phenocrysts. As pyroxenes 
grow over a significant range of P-T-X conditions, they will be used to constrain the pre-eruptive 
magmatic conditions and the nature of the plumbing system. Finally, we interpret these 
observations in light of existing models and determine the significance of magma mixing events 
recorded in the interplinian crystal cargoes with respect to the recent activity as well as the potential 
for future eruptions.  
2. GEOLOGICAL CONTEXT  
Volcán de Colima is a 3860 m high stratovolcano in the western part of the TMVB (Luhr and 











formed by subduction of the Rivera and Cocos plates in a north-east direction beneath the North 
American plate (Allan and Carmichael, 1984). The TMVB has a complex tectonic and geodynamic 
history, reflected in its diverse volcanic activity (e.g., Gómez-Tuena et al., 2011; Petrone et al., 2014; 
Ferrari et al., 2012). 
Some of the oldest volcanism at the Colima Volcanic Centre (CVC) include cinder cones, erupted 
from 12 Ma to 0.06 Ma (Luhr and Carmichael, 1981; Allan and Carmichael, 1984; Carmichael et al., 
2006) and scattered to the north of the current edifice; and the oldest mature edifice of the CVC, El 
Cántaro, is a composite stratovolcano at least 1.7 million years old (Luhr and Carmichael, 1980; Allan, 
1986; Luhr and Carmichael, 1990). Volcanism migrated southward to form the Nevado de Colima 
complex at 0.53 Ma (Luhr and Carmichael, 1980; Robin et al., 1987; Luhr and Prestegaard, 1988; 
Robin et al., 1990; Cortés et al., 2010).  The final stages of activity at Nevado overlapped with the 
formation of the first edifice close to the current Volcán de Colima, sometimes referred to as 
Palaeofuego, at approximately 40 ka (Luhr et al., 2010), although some have argued for volcanism at 
Volcán de Colima at 97 ka or earlier (Cortés et al., 2019). This earlier edifice underwent several 
collapse events, including an event at c. 7 ka which possibly formed the caldera rim structure to the 
north of the current edifice known as the Playón (Cortés et al., 2019) (Fig. 1B). Although Cortés et al. 
(2019) argues that the current edifice grew within the collapse structure, the presence of debris-
avalanche deposits, dated at c. 3.6 and 2.5 ka, suggest that the modern edifice has experienced at 
least partial destruction and collapse, and that the scars from these events are buried beneath later 
volcanic deposits (Cortés et al., 2019). 
Modern Activity 
At least five major eruptions as well as numerous accounts of interplinian activity have been 
recorded at Volcán de Colima since the mid-1500s (Breton-González et al., 2002). Scientific 
observations of eruptions were recorded during the 1818 and 1913 Plinian events (Waitz, 1915; 
Breton-González et al., 2002; Saucedo et al., 2010; Macías et al., 2017) and, since the 1980s, the 
volcano has been actively studied. Following the 1913 eruption, effusive activity slowly refilled the 
crater, and significant lava flows and small explosive eruptions occurred in 1961-62, 1975-76, 1981-
82 and 1991, followed by periods of intense effusive and explosive activity in 1998-2005, slow dome 
growth in 2007-2011, and, most recently, intense effusive and explosive activity in 2013-2017. A 
comprehensive account of the modern activity is given by Varley (2019) and references therein.   
The 2013-17 eruptive period was similar in eruptive style to the preceding 1998-2005 activity. Both 











explosive activity and associated ash fall (Arámbula-Mendoza et al., 2018; Varley, 2019; Arámbula-
Mendoza et al., 2020). On the basis of eruptive style, and for the purposes of this study, we split the 
activity into six broad phases, with reference to the simplified timeline in Figure 2: 
 Phase 1 (January 2013-September 2014) – Following quiescence since mid-2011, activity 
resumed in January 2013 with Vulcanian explosions which partially destroyed the previous 
dome, followed by slow dome-growth and periodic Vulcanian explosions, frequently 
generating small pyroclastic density currents (PDC). This type of activity characterised Phase 
1. A short lava flow resulted from magma overtopping the crater early on during this phase.  
 Phase 2 (September 2014-June 2015) – Increased effusive activity in June 2014 resulted in 
lava overtopping the crater and the formation of several lava flows to the south-west, west 
and north-west, and later to the north by June 2015, along with intermittent Vulcanian 
explosions.  
 Phase 3 (July 2015) – Due to its high intensity (VEI 3; Newhall and Self, 1982; Reyes-Davila et 
al., 2016), the 10-11th July 2015 event is separated into its own phase. The eruption was 
complex, with a significant increase in the magma ascent rate resulting in the rapid collapse 
of lava domes generating multiple pulses of PDCs in two principal episodes over the two 
days. This was one of the largest and most powerful explosions seen at Volcán de Colima 
since the 1913 Plinian event, and emplaced a 10 km-long PDC deposit within Montegrande 
and upper San Antonio ravines on the southern flank of the edifice (Fig. 1; Macorps et al. 
2018).  
 Phase 4 (July 2015-December 2015) – Following the July 2015 eruption, a lava flow quickly 
descended the southern flank of the cone from July to September 2015 on the upper parts 
of Montegrande ravine (Fig. 1). Effusion had stopped by late-September 2015 and occasional 
explosions continued until January 2016. 
 Phase 5 (January 2016-December 2016) – Effusive activity recommenced in January 2016 
with new dome growth and small explosions with ash falls, which persisted through most of 
the year. This activity culminated in the eruption of a voluminous lava flow on the southern 
flank of the edifice on top of the earlier 2015 flow, which continued until the end of 2016.  
 Phase 6 (January 2017-March 2017) - From the end of 2016 to the last explosions in 
February 2017, a number of powerful explosions resulted in the emplacement of small PDC 
deposits in the Playón area and La Arena ravine on the north and eastern sides of the edifice 













Twenty-seven rock samples (comprising lava, ballistic ejecta and crystalline pyroclastic material) 
were collected during fieldwork in April to June 2018, and a further 67 rock samples and 25 ash 
samples (1 from 2013, 1 from 2014, 10 from 2015, and 11 from 2016) with contextual data were 
obtained from the collections of Colima Intercambio e Investigación en Vulcanología (CIIV), 
University of Colima. The crystalline material emplaced within the pyroclastic deposits represent 
fragments of the recently-erupted dome, based on the observed dome-growth and destruction 
patterns at Volcán de Colima, and the vesicularity and crystallinity of the samples. Sample 
preparation was undertaken at the Natural History Museum, London (NHM). Samples for whole-rock 
analysis were crushed and milled into fine powders. For mineral analysis, polished thin sections were 
prepared from rock chips of lava and crystalline pyroclastic material; and ash fragments were 
mounted in 25 mm diameter epoxy resin blocks. 
 Whole-rock Major Elements 
Whole rock analysis was undertaken on 62 rock and 23 ash samples of sufficient volume 
(Supplementary Tab. 1). Whole-rock major elements were analysed using X-ray fluorescence (XRF) 
techniques following the lithium borate flux-fusion technique of Norrish and Hutton (1969) using a 
Panalytical Axios Advanced wavelength-dispersive XRF analyser by Activation Laboratories Ltd, 
Ancaster, Canada. Six reference materials (AN-G, BE-N, AC-E, BIR-1a, NCS DC73304 and GBW 07109) 
were included in the analytical run and prepared in the same preparation method as the natural 
samples. Duplicates of two samples and a procedural blank sample were also included in the 
analytical run. The results of the analysis are precise to within 5% for most elements and most 
detection limits were ≤ 0.01 wt. %. All whole-rock data has been normalised to 100% on an 
anhydrous basis. 
 Whole-rock Trace Elements 
Whole-rock trace elements were analysed using inductively coupled plasma mass spectrometer (ICP-
MS) techniques at the Open University, Milton Keynes, UK (Supplementary Tab. 1). The samples 
were prepared and processed for trace element data in three batches, in December 2018, January 
2019 and September 2019 respectively. The samples were prepared using HF-HNO3 acid digestion 
and made into 1000-fold dilution solutions for analysis using an Agilent 8800 ICP-QQQ-MS. Five 
reference materials (BIR-1, W-2, DNC-2, BHVO-2, AGV-1) were used for Batches 1 and 2, plus an 
additional two reference materials (BCR-2 and RGM-1) were used for Batch 3. Duplicates of the 











For each batch, an additional digest of the USGS reference standard BHVO-2 plus a natural sample 
was selected at random from the batch to act as a duplicate unknown monitor to assess accuracy 
and precision. A procedural blank was also processed at the same time as the samples and analysed 
within the analytical run. Between each 5 samples analysed, the reference material monitor, a 
natural sample monitor, and a 2% HNO3 solution monitor was run. The corrected repeat 
measurements of the reference material BHVO-2 were then used to assess precision and accuracy. 
Preferred BHVO-2 values from the Open University were used to assess accuracy. 
  
Accuracy is better than 5% relative error (RE) for most samples in all three batches. Exceptions 
include Cr (9.1 and 7.4% RE for Batches 1 and 2), Ti (6.85% in Batch 3), heavy elements including Yb 
(5.06-7.04% in all three batches), W, Tl, and Pb; and elements close to or below the detection limit 
(e.g. Se, Te). A full list is provided in Supplementary Table 1B.  
Within-run precision was assessed by the variation in the reference and natural monitor samples 
assessed as a percentage Relative Standard Deviation (% RSD). Precision is better than 5% RSD for 
most elements for the BHVO-2 reference standard in all three batches, with the exception of Li, Mg, 
Yb and W (5.20, 5.56, 5.53, and 11.36% RSD respectively) in Batch 2, and Te in Batches 1 and 2 
(11.54 and 13.42% RSD respectively), although this is likely due to low values below or near the 
detection limit.  The procedural blanks were below detection limits for all elements.  
Analyses were undertaken in no gas mode, He collisional gas mode and, in some cases, an O2 
reactive gas mode. The use of He and O2 gas modes may, in some cases, reduce the precision of the 
analysis but reduces molecular interference and hence improves accuracy. In some cases (e.g. the 
REEs), the choice of gas mode is recommended to reduce known interferences, whilst for others 
with similar accuracy and precision between gas modes, a mode is chosen based on the improved 
accuracy and/or precision. For all three batches, Li, Sc, Ti, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Zr, Cd, Sn, Sb, 
and Ba were analysed in no gas mode; Mg, V, Mn, Sr, Nb, Y, Mo, Ta, and W were analysed in 
collisional He gas mode; and the REEs, Te, Se and S were analysed in reactive O2 mode. Cs and 208Pb 
were analysed in No gas and He gas modes, depending on which mode provided the best accuracy 
and/or precision in that batch.  
 Thin Section Images and Scanning Electron Microscopy 
Thin-section images were taken using a Zeiss Axioscope in plane-polarised light and crossed-polars 











using a FEI Quanta 650 FEG SEM at the NHM to characterise crystal textures, as well as identify and 
target zoned crystals for microprobe analysis. Images were taken at a working distance of 
approximately 10-15 mm, a voltage of 15 kV, a dwell time of approximately 30 s and variable 
magnification depending on the feature and desired resolution. Lower resolution SEM mosaics were 
also taken using the FEI MAPS software to assist interpretation and targeting of minerals.  
 Electron Microprobe Analysis 
Electron microprobe analyses (EMPA) was undertaken on selected samples for major and minor 
elements using a Cameca SX100 electron microprobe at the NHM, equipped with 5 WDS 
(wavelength dispersive spectrometers) and 1 EDS (energy dispersive spectrometer), using an 
electron gun voltage of 20kV and current of 20 nA. A focussed beam of ~2 μm was used for 
pyroxenes and Fe-Ti oxides, 5 μm for plagioclase feldspar, and 20 μm defocussed beam for 
amphibole and glass (in thin sections). Glassy ash particles, due to their small size and vesicular 
texture, were analysed using a narrower 10 μm defocussed beam to ensure the beam analysed the 
vesiculated glass. Na was analysed for 10s at the start of each run, followed by 20s for the major and 
minor elements (Si, Mg, Al, Ca, Ti, Cr, Mn, Fe, Ca and Ni).  Detection limits for most elements were < 
0.1 wt.%, and standard deviation of the analyses was typically < 0.5 wt.%. Matrix effects were 
corrected using the Cameca PAP procedure built-into the microprobe. 
4. RESULTS 
4.1 Whole-rock geochemistry 
The crystalline pyroclastic, ballistic ejecta and lava samples had <1 wt.% Loss on Ignition (LOI). Only 
two ash samples had significantly high LOIs (>4 wt.%) and were removed from further study; the 
remaining ash samples had ≤1 wt.% LOI. Most of the samples are medium-K calc-alkaline andesites 
with 59-62 wt.% SiO2. They show considerable overlap with andesites from the 1998-2005 phase and 
other historical Volcán de Colima andesites (Fig. 3; Luhr, 1992, 1997, 2002; Luhr and Carmichael, 
1980, 1990; Luhr and Prestegaard, 1988; Luhr et al., 2010; Moorbath et al., 1978; Mora et al., 2002; 
Reubi and Blundy, 2008; Reubi et al., 2017; Robin et al., 1987, 1991; Saucedo et al., 2010; Savov et 
al., 2008; Verma and Luhr, 2010). Set against an index of fractionation (whole-rock Mg#, Mg# = [100 
x (Mg/(Mg+Fetot)]), Al2O3 displays a broadly positive trend with decreasing Mg#, whereas TiO2 
displays a broadly negative trend (Fig.4); however, in both cases most of the data is tightly clustered 
between Mg# 51-54.  This is also shown by limited variation of SiO2 and with respect to major and 











elements, are tightly clustered; Cr shows a clear negative trend against decreasing Mg# while Sr 
shows a more scattered trend. Positive yet scattered trends are seen in incompatible elements such 
as Rb and Zr with decreasing Mg# (Fig. 4).  
A time-series of whole-rock compositions throughout the six eruptive phases show that the bulk 
chemistry of the rocks from the 2013-17 eruption broadly fit in the range of post-1913 (1961-2005) 
compositions (Fig. 5). As a whole, the data are relatively homogeneous and show little evidence for a 
significant trend towards more mafic compositions with time. However, whilst Phases 1 and 2 have 
average compositions that are slightly more evolved than the post-1913 average, there are periods 
of reversals towards more mafic compositions. Prior to the start of Phase 3, ash and lava samples 
appear to have slightly reduced SiO2 content and have a higher Mg# and Cr content. Also notable are 
the ash samples erupted between the lavas of Phases 4 and 5, which also have a slightly reduced 
SiO2 content on average and a higher Mg# and Cr content. PDC clasts from Phase 6, although mostly 
have a similar SiO2 content, they have a wide range of Mg# and Cr content. Noteworthy is in the 
mafic sample from a PDC erupted in 2017 in La Arena ravine, which contains the lowest SiO2 content 
(c. 54 wt.%) and the highest whole-rock Mg# (59) and Cr content (c. 200 ppm). 
 4.2 Petrography and Mineral Chemistry 
The crystalline pyroclastic, ballistic ejecta and lava samples from the 2013-17 eruption are crystal-
rich (c. 40-50 vol.%) with porphyritic seriate textures. The phenocrysts are generally plagioclase (25-
40 vol.%), orthopyroxene (3-10 vol.%), clinopyroxene (2-8 vol.%), Fe-Ti oxides (1-2 vol.%) and rare 
amphibole and resorbed olivine (≤1%). Glomerocrysts, comprising clinopyroxene + orthopyroxene + 
plagioclase + Fe-Ti oxides ± resorbed olivine, are ubiquitous and often include interstitial glass with 
meniscus structures and acicular plagioclase needles. Similar glomerocrysts or agglomerations of 
pyroxene + plagioclase + Fe-Ti oxides ± olivine have been described by previous authors (Reubi and 
Blundy, 2008; Saucedo et al., 2010; Crummy et al., 2014) and are a ubiquitous feature of Volcán de 
Colima andesites. The general mineralogy is similar to that described for the 1998-2005 erupted 
products (Luhr, 2002; Reubi et al., 2019; Reubi and Blundy, 2008; Savov et al., 2008). Representative 
mineral chemical compositions for the different mineral phases are shown in Supplementary Table 2. 
Plagioclase  
Plagioclase crystals range from large (up to 3 mm) euhedral elongate to tabular phenocrysts to 
groundmass microlites (≤ 30 μm) and also occur as constituents in glomerocrysts (Supplementary Fig. 
2A, B). Their compositions typically range between An40 (Anorthite) to An80. Disequilibrium textures 











dissolution surfaces on low-An (An40 - An60) plagioclase mantled by thick higher-An (ΔAn > 5) 
plagioclase. Low-amplitude, high frequency oscillations in anorthite content (ΔAn < 5) are ubiquitous 
in the low-An portions. Groundmass plagioclase crystals typically have compositions of An30-50. 
Pyroxenes  
Pyroxenes (orthopyroxene > clinopyroxene) are present as subhedral to euhedral phenocrysts (Fig. 6) 
(300 μm to 1 mm) and microphenocrysts (30 - 300 μm) and in glomerocrysts (Fig. 6B). Crystals are 
often homogeneous, but normal and reverse bands and rims are common. They display a variety of 
disequilibrium textures and zoning types, including dissolution surfaces, rounded cores, and bands 
with high Mg# (75-88) and Cr2O3 (0-1.2 wt.%). Blurred boundaries between zones of contrasting 
composition are also a common feature among some zoned pyroxene phenocrysts. Orthopyroxene 
phenocrysts range in composition from Enstatite (En) 60-86 with Mg# of 65-88. Clinopyroxenes are 
typically augitic, with Wollastonite (Wo) 37-45 and Mg# ranging from 69 to 88.  In the low-Mg# 69-
76 cores and homogenous crystals, melt and inclusions of Fe-Ti oxides and apatite are relatively 
common and often align parallel with the crystal edges, particularly for the orthopyroxene. In the 
more mafic cores and rims, mineral inclusions are absent and melt inclusions are rare. Pyroxenes are 
also present in the reaction coronae of amphibole and as a minor phase in the groundmass.  
On the basis of the textural characteristics, three main types of pyroxenes are recognised 
irrespective of ortho- or clinopyroxene composition (Tab. 1): 1) homogeneous; 2) normal zoned and 
3) reverse zoned.  
The most abundant phenocryst type is the Homogeneous type (Fig. 6A), which constitutes most of 
the microphenocrysts and phenocryst assemblage. It is also abundant in glomerocrysts (Fig. 6B). This 
type is inclusion-rich with abundant glass, apatite and oxide inclusions, and has a low-Mg# and low 
Cr2O3 content with little or no change in Mg# (≤ 5) across the crystal. 
Normal zoned (NZ) pyroxenes are split into three types according to the chemistry and zoning 
patterns (Tab. 1; Figs. 7,8). Type 1 (NZ-T1) crystals have a rounded low-Mg# core with inclusions of 
Fe-Ti oxides and apatite, mantled by dissolution surface and a high-Mg#, high-Cr2O3 band, and 
rimmed by low-Mg# rim with inclusions near the exterior of the crystal (Fig. 6C, 7A, 8A). The 
interface between the mafic band and the evolved rim is blurred. Type 2 (NZ-T2) cores have a similar 
zoning pattern (Fig. 6D, 7B, 8B), but the core itself is more magnesium-rich and mostly lacks the 
oxide and apatite inclusions in Type 1. Type 3 (NZ-T3) has a high-Mg#, high-Cr2O3 core and a low-











blurred boundaries between the core and outer zones. All three zoning groups are found within the 
glomerocrysts, however NZ-T3 type is the most abundant. 
Reverse zoned (RZ) phenocrysts display core zoning patterns similar to the normal zoned crystals, 
but with a characteristic high-Mg# rim (Tab. 1). Type 1 (RZ-T1) has an inclusion-rich, low-Mg# and 
low-Cr2O3 core, mantled by the high-Mg rim (Fig. 6F, 7D, 8D). Type 2 (RZ-T2) is similar to the normal 
zoned Type 2, with an intermediate core, mantled by an inner high-Mg# band, an outer low-Mg# 
band, and the final high-Mg# rim (Fig. 7E, 8E). Type 3 (RZ-T3) has a high-Mg#, high-Cr core mantled 
by an evolved band, and rimmed by high-Mg# rim of this type (Fig. 7F, 8F).  
The presence of normal zoned crystals has been documented by Reubi and Blundy (2008) in the 
1999-2005 lavas. In contrast, reverse zoning is a common feature for pyroxene of Plinian deposits 
(Crummy et al., 2014; Luhr et al., 2010; Luhr and Carmichael, 1982), but a rare occurrence in 
interplinian products (various units to 1975-76, Luhr and Carmichael, 1980; 1998-99 lavas, Mora et 
al., 2002). This is in contrast with our observation of the abundance of RZ crystals in 2013-2017 
products.  
Amphibole 
Amphibole phenocrysts are rare (< 1 vol.%) with typically 1-3 large phenocrysts (0.5-4.0 mm) per 
thin section. They show extensive reaction rims of pyroxenes, plagioclase, oxides and interstitial 
glass (Supplementary Fig. 2). Amphibole phenocrysts are magnesiohastingsites and Ti-rich 
magnesiohastingsite in composition (Leake et al., 1997; Hawthorne et al., 2012). All amphiboles have 
resorbed textures (rounded crystal edges in larger amphiboles and small rounded amphibole crystals) 
and have either opacitic or coarse-grained reaction rims, as noted in 1998-99 and earlier samples 
(Luhr, 2002; Macías et al., 2017). Crystals displaying opacitic rims are typically rounded, subhedral 
amphiboles with phenocryst reaction rims composed of fine-grained pyroxenes and oxides, often 
displaying as a black rim in PPL (Supplementary Fig. 2C). These amphiboles are typically smaller than 
the other type, and the thickness of the reaction rim ranges from 50 μm to, in rare cases, a 
completely altered fine-grained pseudomorph. In contrast, the coarse-grained type of reaction rims 
has extensive resorption of the crystal, forming remnant anhedral amphibole crystals and a thick 
reaction rim of fine to medium grained pyroxene, plagioclase and Fe-Ti oxide crystals 
(Supplementary Fig. 2D). In some cases, finer crystals of this assemblage are present rimmed by 
larger phenocrysts of pyroxene and plagioclase indicating these crystal assemblages may be 












Fe-Ti oxides are ubiquitous as microphenocrysts (50-250 μm), either isolated or in glomerocrysts. 
They also occur as small inclusions within pyroxenes and plagioclase, and in the groundmass. Small 
crystals also occur as reaction products in olivine coronae and amphibole reaction rims 
(Supplementary Fig. 2E). All the oxides found in this study are titanomagnetite. Ilmenites, though 
common at other arc volcanic systems, were not found in this study and are thought to be relatively 
rare in interplinian Volcán de Colima andesites (Reubi and Blundy, 2008; Mora et al., 2002).  
Olivine 
Olivine phenocrysts are exclusively present as anhedral, heavily resorbed and embayed phenocrysts 
(300-600 μm) and range in composition from Forsterite (Fo) 68 to 77. They are surrounded by 
coronae of orthopyroxene and peritectic/symplectitic overgrowths of Fe-Ti oxides at the boundary 
between the olivine and orthopyroxene crystals (Supplementary Fig. 2F). These 
peritectic/symplectitic Fe-Ti oxides have a ‘wormy’ texture, distinct from the blocky or rounded 
oxide inclusions seen in pyroxenes not associated with olivine, and can be used to discriminate 
between orthopyroxenes crystallised from melt and reacted-out olivines. These corona-rimmed 
olivine phenocrysts can occur individually or as part of a larger glomerocryst. 
Groundmass 
The groundmass comprises small (≤ 300 μm) plagioclase, orthopyroxene and Fe-Ti oxide crystals, 
with abundant glass and very minor clinopyroxene. Groundmass crystals range from euhedral, 
blocky/prismatic to acicular plagioclases needles and euhedral, blocky to elongate orthopyroxene 
microlites.  
 Glass 
Groundmass and ash glass compositions for Volcán de Colima samples are much more evolved than 
the bulk rock (60-79 wt.% SiO2, Supplementary Fig. 3), consistent with previous studies of ash and 
groundmass glasses and melt inclusions (Luhr, 2002; Mora et al., 2002; Atlas et al., 2006; Luhr, 2006; 
Reubi and Blundy, 2008; Cassidy et al., 2015; Reubi et al., 2013). Groundmass glass and interstitial 
glass in glomerocrysts are the most differentiated, with high SiO2 (65-79 wt.%) and K2O (2-4 wt.%) 
contents and low MgO (typically <1 wt.%) contents. Glassy inclusions in pyroxenes and plagioclases 
broadly overlap with the composition of groundmass glass and interstitial glass in glomerocrysts. 
Plagioclase-hosted glass inclusions typically range between 67-77 wt.% SiO2, with inclusions within 
sieve-textured cores less evolved (67-73 wt.% SiO2). Pyroxene-hosted inclusions vary depending on 











wt.%, but inclusions on the band-rim boundaries and rims of NZ-T2 and NZ-T3 types between 66-
71.5 wt.% SiO2 and lower K2O contents (2.0-2.6 wt.%). Though melt inclusions are not the focus of 
this study, these compositions do broadly agree with compositions in other studies (Atlas et al., 2006; 
Reubi and Blundy, 2008; Reubi et al., 2013) and indicate more evolved melt compositions when 
crystallising the lowest Mg# pyroxene crystal rims.  
Analyses of glass from ash fragments were undertaken on small, highly-vesiculated shards as these 
are more likely to represent vapour-saturated melt prior to eruption rather than fragments of 
partially degassed and evolved conduit material and dome rock, akin to the ‘vesicular’ and ‘dense’ 
fragment types of Cassidy et al. (2015). Although the analyses show a considerable spread in 
composition, 60-77 wt.% SiO2, they are on average the least evolved glass compositions (two-thirds 
less than 68 wt.% SiO2) and have intermediate composition between the whole-rock and the 
groundmass glass.  
5. CRYSTALLISATION CONDITIONS 
Temperature 
The pre-eruptive conditions (temperature, pressure, oxygen fugacity) can be constrained using 
mineral-mineral and mineral-melt thermobarometers (e.g. Wells, 1977; Andersen at al., 1993; 
Putirka, 2008; Ridolfi et al., 2010; Neave and Putirka, 2017), which require equilibrium between the 
two components (i.e., mineral-mineral or the mineral-melt) (Putirka, 2008). Since the equilibrium 
can be tested only between rims of coexisting minerals or between rim and melt, only pre-eruptive 
intensive variable can be usually constrained (e.g. Putirka, 2008). As previously discussed, the melt 
compositions here are so evolved that mineral-melt equilibrium for either clinopyroxene-melt and 
orthopyroxene-melt geothermometers is unlikely, especially for the high-Mg# rims. The mixing and 
mingling of compositionally different melts and crystals in the magmatic system can also significantly 
affect the equilibrium mineral-melt, and minerals can be in equilibrium with a melt of different 
composition from the residual groundmass liquid.  
To overcome this problem, we employ the approach of Mangler et al. (2020) using the two-pyroxene 
thermobarometer of Putirka (2008). One requirement of this type of thermobarometer is that the 
two pyroxenes should be touching, as this implies co-crystallisation. However, pyroxenes may be 
remobilised and mixed at any point during growth to eruption in magmatic systems, as is attested by 
complex disequilibrium and remobilisation textures widely found in crystals. The similar Mg# and 
identical inclusion, zoning and textural patterns strongly suggest that both orthopyroxene and 











that, although the pyroxene portions are not touching, they probably co-crystallised under the same 
conditions through the crystallisation sequence. By crossing the entire orthopyroxene data (n = 1513 
points) set against the entire clinopyroxene dataset (n = 1334 points), we were able to estimate 
temperature and pressure from pairs in Fe-Mg equilibrium (KD(Fe–Mg)
cpx−opx = 1.09 ± 0.14; Putirka, 
2008). This method provides a larger data set of temperature and pressure estimates of pre-eruptive 
condition, a better statistical basis for interpretation, and can reduce relatively large model error of 
the temperature estimate (from ±45 in the original model to ± 18°C). 
The results of the modelling for individual points are shown in Figure 9, organised by pyroxene type. 
Temperatures of the evolved NZ-T1 cores and rims, NZ-T2 and NZ-T3 rims are estimated at 
approximately 980-1010°C, and the intermediate cores of NZ-T2 are estimated at between 1000-
1030°C. The mafic bands in both of these types have temperatures on average 1030-1040°C, similar 
to the average temperature of NZ-T3 mafic cores. Homogeneous crystals record a temperature of c. 
980 °C, overlapping with the evolved NZ composition and in agreement with their petrography. 
Similarly, low-Mg# compositional zones of reverse zoned crystals have temperatures ranging in the 
same interval: RZ-T1 cores, 980-1000°C; RZ-T2 low-Mg# bands, 990-1000°C; and RZ-T3 low-Mg# 
bands, 980-1000°C. The more mafic portions (high-Mg#) internal portions of RZ-T2 have 
temperature of 995°C, slightly lower than NZ equivalent; and the high-Mg# core of RZ-T3 record 
temperatures of 1010-1040°C. For all three RZ types, the mafic rims have temperature estimates 
between 1010-1050°C, averaging at between 1020-1030° (± 18°C). 
When considering these temperatures all together, we can define a calibration curve of temperature 
vs pyroxene compositions (i.e. Mg#) (Fig. 10).  We can also define at least two end-members: a mafic 
(high-Mg#, Mg# > 77) and evolved (low-Mg#, Mg# 69-75) member. These show that the average 
temperatures for the evolved end-member is typically between 980-1000°C, and the mafic end-
member is estimated to have a relatively wide range, but typically between c. 1020-1080°C. 
Temperature estimates from this study agree well with those from previous studies (Luhr and 
Carmichael, 1980; Luhr, 2002; Mora et al., 2002; Luhr and Carmichael, 1990; Reubi and Blundy, 2008; 
Savov et al., 2008; Crummy et al., 2014; Cassidy et al., 2015), although we note that the temperature 
estimates for the highest Mg# are slightly lower than previous estimates by Reubi and Blundy (2008). 
This may potentially be due to small amounts of mixing with more evolved melt during injection and 
crystallisation of mafic bands and rims. Experimental data by Moore and Carmichael (1998) also give 
temperatures of 950-978°C for the most evolved rocks, within error of the estimates reported here 











temperature has been proposed to encompass the whole range of variability of pyroxene 
compositions.  
Whilst thermobarometric estimates from pyroxene are the main focus of this study, supplementary 
information using amphibole compositions and apatite saturation temperatures can aid 
interpretation of crystallisation conditions. The Al-in-amphibole model of Ridolfi et al. (2010) suggest 
crystallisation temperatures of c. 930-1000°C and 2.9-5.0 kbar pressure for the amphiboles 
(Supplementary Fig. 4). Apatite saturation temperatures, using SiO2 and P2O5 content from whole-
rock compositions and using the method of Piccoli and Candela (1994), suggest apatite saturation at 
930-950°C (Supplementary Tab. 3). These temperatures are cooler than those estimated from the 
two-pyroxene thermometry and rely on less reliable parameters (whole-rock composition), but are 
within the errors of the thermometry model and overlap with apatite crystallisation predicted by 
MELTS modelling. Together, these support the interpretation of the presence a cooler evolved end-
member.  
Pressure 
Pressure estimates using the two-pyroxene thermobarometer (Putirka, 2008) using the same 
method as above, show consistent estimates between 1.9 to 7.5 kbar (Fig. 11) (± 2.8 kbar, as per 
Putirka, 2008), with average pressure estimates for all groups and zones between 4 and 6 kbar. 
Using the few equilibrium clinopyroxene-melt pairs available, we also compared the performance of 
the two-pyroxene method to clinopyroxene-liquid and clinopyroxene-only thermobarometers of 
Putirka (2008) (Supplementary Doc. 1 and Supplementary Tab. 4). The results show good agreement 
with the estimates calculated with the two-pyroxene method and are therefore considered to be 
reasonable when considering the model error. 
Pressure estimates from amphibole geobarometry indicate crystallisation pressures of 2.9-5.0 kbar 
(Ridolfi et al., 2010; Supplementary Fig. 4). However, pressure estimates using the Ridolfi et al. (2010) 
model can be influenced by melt compositions (Erdmann et al., 2014) and as such these estimates 
should be treated with caution, even if they agree with the pyroxene-based thermobarometry. 
Oxidation State 
Estimates of the oxidation state of the magmas have been made in previous studies using two-oxide 
oxythermometry using the method of Andersen and Lindsley (1988). Ilmenites are rare in Volcán de 
Colima magmas, and touching pairs of ilmenite and magnetite are very rare.  Estimates vary 











2008; Luhr and Carmichael, 1980). Whilst no ilmenite was found in this study to give a comparative 
constraint, these values are broadly in agreement with estimates using the amphibole-based model 
of Ridolfi et al. (2010) (log fO2 -10.5 to -9.5; ~NNO+1; Supplementary Fig. 4. 
6. DISCUSSION  
6.1 Paragenesis  
The 2013-2017 eruptive phase at Volcán de Colima is characterised by andesites with a very 
restricted range of whole-rock compositional variability (Figs. 3, 4, 5), similar in many respects to the 
preceding 1998-2011 interplinian phase (Luhr, 2002; Mora et al., 2002; Reubi and Blundy, 2008; 
Savov et al., 2008). All samples contain plagioclase + orthopyroxene + clinopyroxene + Fe-Ti oxides, 
along with residual groundmass glass, amphibole with reaction rims, antecrystic resorbed olivine, 
and glomerocrysts of the main crystallising phases. Petrographic and textural evidence suggests a 
general crystallisation sequence of antecrystic olivine → high-Mg# clinopyroxene + high-Mg# 
orthopyroxene + high-An plag + oxide (in glomerocrysts) ± amphibole → low-Mg# clinopyroxene + 
low-Mg# orthopyroxene + plag + oxide ± amphibole → low-Mg# orthopyroxene + plag + apatite ± 
low-Mg# clinopyroxene.  
However, whole-rock compositions and textural evidence also suggest significant disequilibrium. 
Fractionation modelling of whole-rock compositions have failed to replicate the bulk composition of 
these rocks at Volcán de Colima, notably that MgO content recorded in the bulk rock is higher than 
that generated only by fractional crystallisation from a mafic parent (Supplementary Fig. 5). This 
observation was also noted for the 1998-2005 rocks by Reubi and Blundy (2008). Textural 
information recorded in the dissolution/resorption surfaces and zoning profiles of crystals also 
indicate significant disequilibrium and crystallisation in different magmatic environments, suggesting 
mixing of magmas and remobilisation of crystals.  
The restricted range of whole-rock compositions suggests that these mixing processes are efficient 
and buffer the whole-rock compositions from large chemical variations. While there appears to be 
increases in whole-rock Mg# (outside the range of error) in some ash samples from Phases 4 and 5 
(2015-16, ΔMg# ~ 4, Fig. 5) and some fluctuation toward the end of Phase 2 and initial phase 4, 
these correlate with only moderate decreases in SiO2 and moderate increases in whole-rock Cr 
content. When plotted on a mixing line between the average whole-rock composition and a mafic 
component (the proposed parental magma for the Colima magmatic system, using magma 
composition SAY-22E from Luhr and Carmichael, 1981; or a homogenised gabbroic fragment from 











clinopyroxene+orthopyroxene and not towards the mixing trend with the mafic component 
(Supplementary Fig. 6). This trend may be explained by these particular samples being more crystal-
rich (and/or glass-poor) compared to other samples, and the trend may be accounted for by 
accumulation of clinopyroxene and orthopyroxene crystals of ≤ 10% clinopyroxene+orthopyroxene 
(Supplementary Fig. 6). Similarly, some ash samples from Phase 3 have anomalously low MgO, which 
may be due to the opposite effect of these samples being relatively crystal-poor and/or glass-rich, 
unrelated to simple mixing with the mafic components. Much greater changes in bulk composition, 
notably SiO2, would be expected for a reversal to more mafic bulk compositions of the erupted 
products.  
In contrast, our mafic sample (COL-PF17/007A-CIIV) from the 2017 PDC deposit in La Arena ravine 
(Fig. 5), is much more mafic (54 wt.% SiO2, Mg# 59) and plots on a mixing line between ‘average’ 
whole-rock compositions in this study and the proposed mafic parental magmas (Supplementary Fig. 
6). Petrographically, however, this sample contains embayed olivines without the peritectic 
orthopyroxene overgrowths seen in all the other samples, and is much more akin to the prehistoric 
‘olivine andesites’ (i.e., samples Col-9 and Col-11) of Luhr and Carmichael (1980). As this particular 
clast was obtained from a pyroclastic flow deposit, this sample may be a remobilised fragment of a 
similar lava flow to the olivine andesites of Luhr and Carmichael (1980) and possibly unrelated to the 
present activity at Volcán de Colima. Whilst this sample may be petrogenetically useful, representing 
a potential spectrum of the Volcán de Colima mafic end-member, it is unlikely to be representative 
of the current state of the magmatic environments recorded in the chemistry and petrology of the 
other samples.  
6.2 Magmatic environments 
Clear evidence of magma mixing is revealed by the complex chemical composition, zoning and 
textures of the crystal cargo, that suggest an active system defined by disequilibrium and mixing of 
different melts and growth and storage in compositionally distinct magmatic environments.  
In particular, pyroxene composition and textures allow us to recognise at least two magmatic 
environments. Based on the low-Mg#, very low Cr2O3 compositions (< 0.1 wt.%), and inclusions of 
phases such as apatite and abundant Fe-Ti oxides, the Homogeneous type crystallised from a 
relatively evolved magma end-member, saturated with respect to apatite and Fe-Ti oxides, alongside 
plagioclase of An40 to An60. NZ-T1 and RZ-T1 crystal’s cores with low-Mg# and rich in inclusions 
(including abundant glassy inclusions, which may indicate pervasive resorption), also suggests 











(Figs.  7,8; Tab. 1). Due to the abundance of the Homogeneous crystal type (> 60% phenocrysts and > 
80% microphenocrysts) and the frequency of low-Mg# composition, the evolved magmatic end-
member is considered to be dominant in the magmatic system, consistent with the homogeneous 
‘weakly-zoned’ crystals (Reubi and Blundy, 2008) considered the primary crystallising phase for the 
evolved magmas at Volcán de Colima from previous studies (Reubi and Blundy, 2008; Savov et al., 
2008; Mora et al., 2002). Our thermometry estimates indicate a temperature of c. 980-1000°C ± 
18°C for this magmatic environment. 
By contrast, the rims of RZ crystals, cores of RZ-T3 and NZ-T3, bands and some cores of NZ-T2, 
alongside bands of NZ-T1 and RZ-T2 are comparatively mafic, with high Mg# and Cr2O3 contents (Figs. 
7, 8; Tab. 1), and represents a second separate mafic magmatic environment, constrained at a 
temperature of c.1020-1040°C ± 18°C using the two-pyroxene geothermometer. Other mineral 
phases co-crystallising in this environment are high-anorthite (An60-An80) plagioclase and oxides, and 
may be associated with olivine, although there are no clear evidence that it is crystallising in this 
environment. Cores in NZ-T1 and -T2 are often rounded and bounded by resorption surfaces, and 
are mantled by bands with the highest Mg# and Cr2O3 content suggesting mixing between the 
evolved and mafic end-members upon heating and dissolution of the evolved cores during 
entrainment and crystallisation of mafic bands.  
To summarise, we suggest that at least two dominant magmatic environments are present in the 
plumbing system at Volcán de Colima, (1) An evolved magmatic environment (hereafter also defined 
as low-Mg#), crystallising low-Mg# orthopyroxene and clinopyroxene (Mg# 69-75), An40-60 
plagioclase, amphibole, and saturated in Fe-Ti oxide and apatite at 980-1000°C, and (2) a mafic 
magmatic environment (hereafter also defined as high-Mg#), crystallising high-Mg# (77-89) and 
high-Cr2O3 (0.2-1.2 wt.%) pyroxene, high An (An60 to An80) plagioclase and olivine at 1020-1080°C. 
Assessing the mantle source of these melts is out of the scope of this paper, however we speculate 
that the original source of the mafic melts may be parental basaltic melts (Luhr and Carmichael, 
1981; Carmichael et al., 2006; Verma and Luhr, 2010), which are compositionally similar to the 
compositions of the gabbroic clots of Reubi and Blundy (2008). A possible third, intermediate 
magmatic environment crystallising pyroxene of (Mg# 74-84) and plagioclase, which only occurs as 
cores of NZ-T2 and RZ-T2 crystals, and mostly lacks any inclusions typical of the evolved type cores, 
may be present. Alternatively, this intermediate zoning types may be explained by long-term storage 
and diffusive re-equilibration of mafic crystals in an evolved melt environment as recently described 
in the Popocatépetl volcanic system by Mangler et al. (2020).  











The variety of chemistry and textures of minerals observed in this study, clearly indicates that 
magma dynamics at Volcán de Colima is influenced by magma mixing processes between mafic and 
evolved magmatic end-members leading to a complex interplay between the different magmatic 
environments. A summary of the magmatic end-members and their relation to crystal textures is 
shown as the schematic Figure 12 and the petrological model Figure 13. 
Within the mafic magmatic end-member, high-Mg# pyroxenes crystallise alongside olivine and high-
An plagioclase. Injection of melts from the mafic end-member remobilises these crystals, and the 
mafic magmas migrate into the reservoirs hosting the evolved end-member magmas. These 
injections remobilise the high-Mg# pyroxenes and associated crystals (e.g. cores of NZ-T3) of the 
mafic end-member, and can therefore be considered antecrysts when injected in the evolved 
reservoir (e.g. Davidson et al., 2007). These recharge events not only remobilise and entrain mafic 
crystals, but also remobilise resident evolved crystals (e.g. cores of NZ-T1) and partially re-
equilibrated mafic crystals from previous recharge events (e.g. cores of NZ-T2), both already present 
within the evolved end-member. The injection and entrainment by the mafic melt in this reservoir 
causes heating and disequilibrium conditions, and results in resorption of extant pyroxene cores 
followed by the formation of a high-Mg# and high-Cr band (Fig. 12). Entrainment also results in 
pervasive resorption and sieve textures in plagioclase, as the high-An portion dissolves and lower-An 
plagioclase from the evolved end-member infills the voids (Streck, 2008). Olivine phenocrysts, which 
may have been stable in the high-temperature mafic environment, begin to break down in the new 
magma forming peritectic coronae. 
The formation of the high-Mg# and high-Cr band around the evolved (NZ-T1), partially re-
equilibrated (NZ-T2) and mafic antecrystic cores (NZ-T3) is a result of crystallising from an initially 
more mafic melt. As mixing proceeds, following a process of efficient mixing as seen at other 
volcanoes (e.g. Popocatépetl, Mangler et al., 2020; Stromboli, Petrone et al., 2018), the magmatic 
environment around the crystal changes from mafic to the evolved composition, reflecting the 
chemistry of the resident magma. In most cases this results in the formation of an evolved rim, but 
in rare cases homogenisation and fractionation may occur as the magma evolve towards the evolved 
end-member, capturing the on-going mixing (Petrone et al., 2018). Within this evolved end-member, 
low-Mg# pyroxene and low-An plagioclase crystallise along with saturation and crystallisation of Fe-
Ti oxide and apatite (the latter present as inclusions). Storage in the evolved end-member results in 
growth of low-Mg# rims of the NZ-type crystals, along with the indigenous Homogeneous type 
crystals. These crystals may stall and develop blurry zone interfaces by diffusion before being 











Small-scale local variations in crystallisation conditions (temperature, pressure, volatile content etc) 
lead to low-amplitude, high frequency oscillations in anorthite content (ΔAn < 5) textures which are 
abundant in plagioclase (Streck, 2008; Ginibre et al., 2002).  
Subsequent mafic injections may either result in the same processes, forming additional mafic bands, 
or may trigger or prime the system for eruption, resulting in the crystallisation of a final mafic rim in 
pyroxene (e.g. RZ-type crystals). In plagioclase, the presence of dissolution surfaces typically on low-
An (An40 to An60) portions mantled by thick higher-An (ΔAn > 5) bands are evidence of these later 
injections of hotter magmas and dissolution of the resident low-An plagioclase (Ginibre et al., 2002; 
Streck, 2008). 
Finally, these phenocryst-bearing magmas rise towards the surface, crystallising dominantly-evolved 
microphenocrysts and groundmass in shallow storage regions and as they rise through the conduit 
and erupt (Reubi and Blundy, 2008; Savov et al., 2008; Reubi et al., 2013; Cassidy et al., 2015). 
Amphibole phenocrysts, which may have been stable at depth in the plumbing system (Moore and 
Carmichael, 1998; Macías et al., 2017; Crummy et al., 2014; Reubi and Blundy, 2008) encounter 
disequilibrium conditions during storage and ascent and result in the formation of reaction rims 
(Rutherford and Hill, 1993; Rutherford and Devine, 2003; Macías et al., 2017). 
Given the similarities between the zoned textures of glomerocryst and free crystals, we interpret 
that the glomerocrysts and remnant amphibole and olivine represent fragments of the mush 
remobilised during recharge events and portions of free crystals represent disaggregated parts of 
these agglomerations.  
Geophysical studies have indicated that a significant low velocity zone (LVZ) is present beneath the 
volcano and that most of this body is liquid (Spica et al., 2017; Sychev et al., 2019).  The textural and 
chemical evidence from this study is consistent with a semi-molten, mushy magma body beneath 
the volcano (Fig. 13). Geothermobarometry estimates for the pre-eruptive conditions also suggest 
that these crystals form at overlapping depths with the proposed LVZ. In fact, our observations of a 
complex variety of the crystal types, suggests repeated growth, storage, remobilisation and 
disaggregation in an heterogeneous mush, is consistent with the model of small, ephemeral 
amounts of mafic melt passing through a semi-crystalline, mostly evolved body via conduits to small 
reservoirs (Atlas et al., 2006; Reubi et al., 2013; Reubi et al., 2015).  
Such structures of small ephemeral reservoirs within a subsolidus mush are recognised as a common 
feature at many volcanic systems (Cashman et al., 2017; Edmonds et al., 2019). For example, within 











processes and remobilisation of older crystalline material within the volcanic plumbing system of 
Popocatépetl, along with storage zones in the mid and upper crust. Wallace et al. (2020) and Scott et 
al. (2013) interpret plagioclase textures and mineral chemistry in rocks erupted at Santiaguito, 
Guatemala, as representing mixing between more and less evolved melts within a chemically 
stratified mush zone; with ascent of these magmas remobilising previously crystallised portions of 
the crystal mush. Similar processes of mafic recharge, remobilisation, mixing and homogenisation 
within trans-crustal mush systems have also been described in the Tongariro Volcanic Centre in New 
Zealand by Kilgour et al. (2014), Coote and Shane (2016) and Shane et al. (2019). Crystal-rich 
andesites at volcanoes in other continental arcs, e.g. Cascades volcanoes such as Mount St. Helens 
(Kiser et al., 2016; Wanke et al., 2019) and Mound Hood (Koleszar et al., 2012), similarly record 
patterns of mixing, homogenisation and remobilisation in a polybaric plumbing system, as do island 
arc volcanoes such as Santorini (Fabbro et al. 2017), Soufrière Hills (Paulatto et al., 2019), or 
Methana in the Aegean arc (Popa et al., 2019; 2020).  
6.4 Storage depths and reconciling depth estimates 
Pressure estimates from two-pyroxene barometry suggest that most of the crystallisation occurs 
between 4-6 kbar, or 12-18 km depth. Given that the thickness of the crust beneath Volcán de 
Colima is 30-35 km thick (Wallace and Carmichael, 1999; Spica et al., 2017), this places most of the 
crystallisation of complex zoned crystals, and hence mixing and remobilisation, in the mid-crust. 
These estimates conflict with studies based on melt inclusions, which consistently show melt 
inclusion entrapment depths in vapour saturated conditions of typically < 8 km for interplinian 
activity (Atlas et al., 2006; Reubi and Blundy, 2008; Reubi et al., 2013). Experimental data also 
indicates a shallow (0.7-1.5 kbar) rather than deep storage (Moore and Carmichael, 1998).  
The reason for this discrepancy may be due to the large errors inherent with geobarometry tools, in 
particular the ±2.8 kbar model error for two-pyroxene model Equation 39 of Putirka (2008). If an 
average pressure of 5 kbar is used, the ranges up to 1.8 kbar and near to the upper limit of 
estimated entrapment pressures. Nevertheless, this highlights the inherent uncertainty in the 
technique for estimating pressure.  Melt inclusions themselves also have limitations, as they may 
record where the inclusions were sealed rather than the entire crystallisation sequence and are also 
prone to re-equilibration and other effects (Kent, 2008). In particular Reubi et al. (2013) have 
suggested that the crystallisation level estimated by inclusions may in fact represent a shallow 
storage level of the magmatic system, where melt inclusions re-equilibrate, giving instead a final 
storage level before eruption. Whilst upper to mid-crustal reservoirs in this context may be vertically 











the pressure estimates of magma batches need to be better constrained at Volcán de Colima for a 
more complete picture of the plumbing system processes. 
Geophysical constraints on the magmatic system also present an unclear picture. Seismic data such 
as volcano tectonic seismic swarms (Núñez-Cornú et al., 1994; Zobin et al., 2002) and the 
hypocentres of long period seismic events (Petrosino et al., 2011) have been used as evidence to 
pinpoint the crystallisation of the hosts and sealing of the inclusions, at depths of between 0.5 to 8.5 
km and 1.2 to 4 km depth (Zobin et al. 2002, Núñez-Cornú et al., 1994; Petrosino et al., 2011). These 
depths have been proposed as approximate levels where magmas ascend, degass and crystallise 
from a volatile-saturated magma in the subvolcanic storage region or shallow reservoir. However, 
ambient noise tomography has shown a clear low-velocity body at c. 15 km beneath the volcano, 
interpreted to be a partially crystallised magma mush zone with small pockets of interconnected 
melt-rich reservoirs (Spica et al., 2017). Sychev et al. (2019) using similar methods corroborated 
these interpretations, and added that mixing between melts of contrasting compositions is likely to 
occur in the mid-crust prior to migration to a ‘spongy’ shallow magma reservoir. These are in close 
agreement with the petrological and thermobarometric interpretations of this study, which indicates 
magma mixing, crystallisation and remobilisation at c. 5 kbar or 15 km depth in the mid-crust (Fig. 
13). 
Discrepancy between melt inclusion and geobarometric-derived crystallisation pressures and depths 
is noted at other arc volcanoes. Fractionation at relatively low entrapment pressures has also been 
noted for Popocatépetl (Atlas et al., 2006), however Mangler et al. (2020) using the same method as 
this study describe deeper crystallisation in the upper to mid-crust.  Studies on the Ruapehu 
magmatic system in New Zealand have also reported different storage pressures and depths using 
melt inclusions and geobarometers.  Kilgour et al. (2014) reported melt inclusion entrapment 
pressures of 0.5-3 kbar and depths of c. 2-9 km; whereas mineral-based geobarometry estimates by 
Conway et al. (2020) report pressures of 3.6 kbar and depths of c. 13 km. These studies highlight that 
differences in pressure and depths of crystallisation can be obtained using different methods, which 
can have a significant influence on the interpretation of the magmatic system.  
It is possible that the depth estimates record different processes and polybaric crystallisation (e.g. 
Santiaguito; Wallace et al., 2020). Spica et al. (2017) note that whilst the low-velocity body is present 
in the mid-crust, magma storage may occur at shallower depths, which correspond to entrapment 
depths by Reubi and Blundy (2008), Reubi et al. (2013) and other studies. As noted these studies in 
particular have focused on the ‘true phenocrysts’ and may have overlooked the ‘complexly-zoned’ 











latest, degassing-related crystallisation in the shallow reservoir(s). Reubi et al. (2017) cite the young 
crystal ages (< 8500 years) for oscillatory-zoned plagioclase crystals as evidence against a protracted, 
cold-storage type mushy system at Volcán de Colima (e.g. Cooper and Kent, 2014); whilst the 
‘antecrystic’ high-An plagioclase are considered outliers, similar to the high-Mg# pyroxenes.  These 
observations may be reconciled by a polybaric magma storage system where injection, mixing and 
remobilisation occurs extensively in the reservoirs of the deeper mushy storage region, before being 
transported to shallower depths inducing degassing-crystallisation as indicated by melt inclusion 
studies. Whilst the mechanics of magma movement through and interaction with crystal mushes is 
widely debated (Bergantz et al., 2015; Edmonds et al., 2019), a persistently active volcano such as 
Volcán de Colima with young crystal ages may be explained by a particularly active mush system, 
with melts and magmas being transported, crystallised and erupted relatively efficiently and at a 
high flux, and kept at a relatively high temperature. As noted by Reubi et al. (2019), this may indicate 
that Volcán de Colima is a possible hyperactive ‘end-member scenario’ for these types of systems.  
6.5 Mafic injections during the 2013-17 eruption 
Much like the 2005 event (Varley, 2019), the intense 2015 eruption prompted concerns of an 
increase in activity towards a major Plinian event (Capra et al., 2016; Macías et al., 2017; Reubi et al., 
2019). The cause of the event is uncertain, but it has been suggested that it was related to the arrival 
of a new batch of gas-rich magma in the upper conduit, which erupted as a series of pulses (Reyes-
Dávila et al., 2016; Capra et al., 2016).  
The arrival of new, mafic magma in the plumbing system would supply additional heat and possibly 
volatiles, and could drive more intense eruptions. Such an event could be recorded in the crystal 
cargo by an increase in the number of reverse zoned crystals in the erupted products following the 
eruption. Point counts of the pyroxene crystal types suggest that in Phases 1 and 2, prior to the 2015 
eruption, few reverse zoned crystals were encountered (≤ 3 % of total crystals). Following the 
eruption in July 2015, reverse zoned crystals become more common in Phases 4 and 5 (increasing to 
10% of the crystal population), and supports the idea of increased injection and mixing of a mafic 
magma priming or even triggering larger eruptions during interplinian periods.  
However, whilst mafic recharge is considered to be a key factor in the timing and influencing the 
style of volcanic eruptions, other factors such as ascent rate (Cassidy et al., 2015; 2018), the thermal 
regime of the reservoirs (Ruprecht and Bachmann, 2010); the rheological state of the reservoir 
(Kozono and Koyaguchi, 2009; Koleszar et al., 2012; Cashman et al., 2017), and the crystallinity and 











recharge and how an eruption proceeds. For example, whilst it is often considered that fresh 
undegassed mafic magma may act more explosively as it reaches shallower reservoirs, the additional 
heat may reduce the viscosity of the magma allowing for more efficient degassing (Ruprecht and 
Bachmann, 2010; Koleszar et al., 2012); and a higher crystallinity may slow ascent rates facilitating 
degassing and lowering explosivity (Popa et al., 2019; 2020), resulting in effusive eruptions from 
high-volatile content magmas. These examples highlight how interpretations of processes following 
recharge should be mindful of complex interactions in the plumbing system. Accurately constraining 
magmatic volatile contents, careful modelling, and an understanding of the timescales of magmatic 
processes will provide the more accurate picture of the plumbing system. 
A comparable increase in the proportion of reverse-zoned crystals was observed, although not 
described quantitatively, at the start of the eruptive phase in 1998-99 (Luhr, 2002). This perhaps 
indicates that magma mixing triggered the onset of the eruptive phase in 1998 and concords with 
our observations for the 10-11 July 2015 event. Our data further suggests that small injections, with 
little change to bulk chemistry, might be a common process in triggering the start of interplinian 
eruptive phases in agreement with previous authors (Macías et al., 2017; Reubi et al., 2019).  
6.6 The July 2015 eruption and cycle-ending eruptions at Volcán de Colima 
Luhr (2002) suggested that the future event that will terminate this current cycle may not be as 
intense as the 1913 Plinian eruption, based on the lack of non-destabilised amphibole and lower 
plagioclase contents observed in the magmas from the current cycle compared to those erupted 
leading up to 1913. Given the intensity of the July 2015 event and the length and volume of the 
emplaced PDCs, comparisons could be made between the 2015 event and the 1913 or 1818 Plinian 
eruption itself; and whether the July 2015 eruption may in fact represent a possible smaller end-
cycle event than previous Plinian events. However, based on the findings presented in this study, the 
evidence does not appear to support this hypothesis.  
Firstly, no non-destabilised amphibole crystals (i.e. lacking reaction rims) were found in these rocks, 
which are abundant in the erupted material from the Plinian eruptions, and this finding is in 
agreement with descriptions by Capra et al. (2016) and Reyes-Dávila et al. (2016). However this may 
also be a function of the faster ascent rates during Plinian eruptions at Colima, hindering the 
formation of significant reaction rims as seen in these rocks. Macías et al. (2017) reports the 
presence of ‘Group I’ amphiboles with higher AlIV and MgO contents, and interpret the origin of 
these amphiboles to be from magmas which triggered the Plinian event, compared to the resident 











and 3 amphiboles and not Group 1, suggesting they represent the amphiboles typically resident in 
the magmatic system. The most vesicular sample from the July 2015 event encountered in this study 
has a porosity of c. 40%, however the majority of the material has a much lower porosity, in contrast 
to the more porous scoria and pumice from Plinian eruptions. Although storage depths estimated 
from pyroxene thermobarometry are deeper than those from the literature, we see no significant 
difference in pre-eruptive storage between the July 2015 eruption and less intense effusive activity 
before and after, where we would expect to see the involvement of material from deeper in the 
plumbing system during an event more akin to a sub-Plinian or Plinian eruption. An abundance of 
reverse-zoned crystals, which would be expected following a large injection event from depth, is not 
seen here where reverse-zoned crystals are mostly rare and only make up a small percentage in 
some units after July 2015. Finally, the phase assemblage and proportions erupted in our samples 
from the 2015 event are consistent with the rest of the 2013-17 eruptive phase, and unlike those 
from 1913 or 1818.  
We therefore conclude that the 2015 event, despite being intense, is unlikely to represent a cycle-
ending eruption as proposed by Luhr (2002) and agree with the suggestion by Reyes-Dávila et al. 
(2016) that it may represent an ‘end-member example of normal variation’ involving the less 
degassed magmas already present in the system. We add that the appearance of reverse-zoned 
pyroxene crystals, reflecting mafic recharge followed by eruption, may nevertheless have had a role 
in the priming and potentially triggering the eruption of this already present magma. 
7. CONCLUSIONS 
The 2013-17 eruptive phase at Volcán de Colima was characterised by typical interplinian activity 
comprised of effusive lava flows, Vulcanian explosions, ashfall, PDCs and ballistic ejecta. The rocks 
erupted during this eruptive period were geochemically and mineralogically homogeneous andesites, 
similar to previous interplinian phases. A detailed study of the crystal cargo reveals a more complex 
picture of resident evolved melts injected by more mafic magmas within a mushy subvolcanic 
plumbing system: 
1. Whole-rock compositions for andesites erupted during this period are relatively 
homogeneous and are comparable to the chemistry of rocks erupted during the 1998-2005 
period of activity. Minor deviations in whole-rock Mg# and Cr content in ash samples from 
2015-16 can be accounted for clinopyroxene+orthopyroxene accumulation rather than a 











large changes in bulk composition despite evidence of mixing between evolved and mafic 
melts.  
2. Pyroxenes with varied core compositions (Mg#~69-88) reflect crystallisation from melts 
within a heterogeneous magma mush. Whilst the bulk of the magma is relatively evolved, 
crystallising Mg# 69-75 pyroxene, the presence of resorption and disequilibrium textures, 
and high-Mg# and Cr2O3 mafic bands and rims reflect periodic recharge of mafic melts and 
remobilisation of mush material. Evidence for mafic recharge is also seen in pervasive 
resorption of high An antecrystic plagioclase cores and surface resorption mantled by high 
An bands, and the presence of remobilised and reacting out olivine. 
3. Mineral chemistry and petrography indicate at least two broad magmatic environments: an 
evolved end-member, crystallising Mg# 69-75 pyroxene, low An plagioclase, Fe-Ti oxides and 
apatite and possibly amphibole at between 980-1000°C ± 18°C, and a mafic magmatic end-
member crystallising high-Mg# pyroxene, high An plagioclase, and olivine between 1020-
1080°C ± 18°C. Pressure estimates typically vary between 4-6 kbar or c. 12-18 km depth.  
4. These observations of a melt-rich mushy body in the mid-crust are consistent with 
geophysical evidence suggesting such a body at this depth. The storage conditions reported 
here are different from those proposed by melt inclusion studies, and more work must be 
done to constrain the nature of the body and pre-eruptive storage depths in the Volcán de 
Colima system.  
5. Point counting of different crystal types reveal that most of the crystals (>60% 
phenocrysts, >90% microphenocrysts) are Homogeneous evolved type. Whilst reverse zoned 
crystals are rare or absent at the start of the eruptive phase, an increased frequency (up to 
10% of all phenocrysts) of reverse zoned pyroxenes was recorded in lavas erupted after the 
intense VEI 3 eruption in July 2015. This suggests there may be a causal link between 
frequency of mafic injection and intensity of eruption, and further work, including 
estimating pre-eruptive storage timescales, should attempt to constrain this relationship. 
As analytical workflows continue to accelerate, the prospect of petrological monitoring as a tool for 
actively monitoring volcanoes is becoming more achievable, rather than being restricted to a 
retrospective tool for understanding past eruptions. At Volcán de Colima, whole-rock compositions 
can provide valuable information such as greater mafic input leading up to eruptions (Luhr and 
Carmichael, 1990), however as we have discussed this may hide important information about 
magma dynamics. We demonstrate here that understanding the mineral populations can unlock 
more detailed information about magma dynamics in the plumbing system at Volcán de Colima, 











reverse-zoned crystals as evidence for increased mafic input). Magma mixing and storage depths in 
the mid-crust suggest that geophysical monitoring should also actively include this region as well as 
shallower depths. Finally, further work is needed to constrain the relationship between the 
frequency and volume of mafic recharge and evidence in the crystal record, the timescales of 
residence and mixing of these mafic magmas, and the relationships between recharge and 
monitoring data, before these crystal populations can be reliably used as a monitoring tool.  
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Figure 1. Location maps of Volcán de Colima showing A) Volcán de Colima within Mexico (inset) and 
location of the volcano and roads (red lines) and settlements (grey). Road and settlements data from 
INEGI and digital elevation mode shaded relief base map from NASA SRTM; B) 2013-17 lava and 
pyroclastic flow deposits around the edifice. The collapse scar from previous edifice collapses is 
clearly seen as a scarp along the northern part of El Playón (red solid line), and is inferred from 
satellite imagery and digital elevation models in the south (red dashed line). The 2015 PDC extends c. 
10 km to the south from the bottom of the map. 
 
Figure 2. Summary of activity during the 2013-17 period of activity at Volcán de Colima, split into 5 
phases for the purposes of this study according to the broad activity at the volcano. Light grey 
shading in ‘Slow dome growth and explosions’ indicate periods where the dome is no longer 
increasing in volume (e.g. during lava flows from the crater) or periods of very slow growth but with 











activity following the cessation of eruptive activity. Information from the Smithsonian’s Global 
Volcanism Project (GVP), Varley (2019), Arámbula-Mendoza et al., 2020, and references in the text.  
 
Figure 3. Chemical classification of Volcán de Colima andesites. A) Chemical classification according 
to scheme of Le Maitre et al. (1989), showing that the majority of samples are andesites. B) All 
studied samples plotted according to the K2O v SiO2 classification scheme for calc-alkaline rocks 
(Peccerillo and Taylor, 1976; Le Maitre et al., 1989), and demonstrates that samples are medium-K 
andesites and overlap with typical Colima compositions. Symbol colours represent the phases of the 
2013-17 eruption as shown in Figure 3. Light grey field represents historical Colima samples obtained 
from the GeoROC database (Luhr, 1992, 1997, 2002; Luhr and Carmichael, 1980, 1990; Luhr and 
Prestegaard, 1988; Luhr et al., 2010; Moorbath et al., 1978; Mora et al., 2002; Reubi and Blundy, 
2008; Reubi et al., 2017; Robin et al, 1987, 1991; Saucedo et al., 2010; Savov et al., 2008; Verma and 
Luhr, 2010). 
 
Figure 4. Selected major and trace element plots of whole-rock compositions for Volcán de Colima 
andesites erupted the 2013-17 eruption, plotted against an index of differentiation (Mg-number). 
Symbology as in Figure 3. Red shaded areas indicate liquid Mg# ranges which would crystallise 
equilibrium pyroxenes in the mafic (M) and evolved (E) end members. Equilibrium Mg# ranges for E 
extend to the left of the axis extents in these plots, and ranges for M extend off to the right of the 
axis extents. 
Figure 5. Time series of selected sample compositions showing SiO2, Mg# and Cr versus time. With 
the exception of minor deviations (see Section 5.1), most of the time series shows a relatively 
homogeneous bulk composition of these magmas. Analytical error for all three plots is smaller than 
the individual points.  Blue solid (average) and grey dashed (minima and maxima) lines represent the 
range of compositions from the post-1913 (1961 to 2005) samples erupted at Volcan de Colima, 
using data obtained from the GeoROC database (Luhr, 1992, 1997, 2002; Luhr and Carmichael, 1980, 
1990; Luhr and Prestegaard, 1988; Luhr et al., 2010; Moorbath et al., 1978; Mora et al., 2002; Reubi 
and Blundy, 2008; Reubi et al., 2017; Robin et al, 1987, 1991; Saucedo et al., 2010; Savov et al., 2008; 
Verma and Luhr, 2010). 
Figure 6. Pyroxene phenocryst types described in Volcán de Colima samples from the 2013-17 
eruption. A) Typical low-Mg# homogeneous microphenocryst, with small apatite inclusions near the 
rim. B) Typical pyroxene assemblage within a glomerocryst. The agglomeration contains Normal 
Zoned, mostly Type 3 crystals, along with remnant olivine, plagioclase, oxides and interstitial melt. C) 











and low-Mg# rim. D) Normal Zoned Type 2 crystal with a rounded core of intermediate composition 
mantled by high-Mg# band and low-Mg# rim.  The reverse-zoned crystals have a similar 
categorisation, but with the presence of a high-Mg# rim. E)  Normal Zoned Type 3 crystal with a 
high-Mg# core rimmed by a low-Mg# rim. F) Type 1 Reverse-Zoned crystal with a low- Mg# core 
rimmed by high-Mg# rim, with sharp core-rim boundary. 
Figure 7. Mg# distributions for the major normal and reverse zoned pyroxene phenocryst types, split 
according to subtype. Box plots show the average (black horizontal bar) and 1 standard deviation 
distributions at the top and bottom of the box. Pink field shows the typical range of Mg# for 
Homogeneous-type crystals.  
Figure 8. Cr2O3 versus Mg# plots for the major normal and reverse zoned pyroxene phenocryst types, 
split according to subtype. Normal zoned subtypes have a characteristic high-Mg or intermediate-Mg 
band marked simply as ‘Band’ for these plots. Due to the presence of evolved and a mafic bands for 
the reverse-zoned types, these are differentiated using different symbols. In most cases, higher zone 
Mg-number is also associated with higher chromium content. 
Figure 9. Modelled temperature estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by crystal zone. Box represents the mean of temperature estimate values and bar 
represents 1 standard deviation. Colours as per the legend in Fig. 8.   
Figure 10. Modelled temperature estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by Mg#. Box represents the mean of temperature estimate values and bar 
represents 1 standard deviation. Point colours as per the legend in Fig. 8.       
Figure 11. Modelled pressure estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by crystal zone. Box represents the mean of pressure estimate values and bar 
represents 1 standard deviation. Colours as per the legend in Fig. 8.   
Figure 12. Schematic model of the interactions between resident evolved melts and injections of 
mafic melts from depth in the plumbing system of Volcán de Colima.   
Figure 13. Petrological model of the plumbing system at Volcán de Colima, combining petrological 
information from the findings of this study and published literature, along with geophysical evidence. 
General abbreviations include px (pyroxene), plag (plagioclase), ol (olivine), EQ (earthquake), DADs 
(Debris Avalanche Deposits). ‘Gp II’ refer to Plinian events with an alkalic component as described by 











positive dVs values, and used as evidence for silicic magmas in this part of the crust by Sychev et al. 
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 New petrological and geochemical data for the 2013-17 eruption at Volcán de Colima. 
 Uniform paragenesis and geochemistry indicate efficient homogenisation of magmas.  
 Injections of mafic melts into evolved reservoirs remobilise crystal mush material. 
 Suggests mushy magmatic system in the mid-crust, agreeing with geophysical data.  

















Figure 1. Location maps of Volcán de Colima showing A) Volcán de Colima within Mexico (inset) and 
location of the volcano and roads (red lines) and settlements (grey). Road and settlements data from 
INEGI and digital elevation mode shaded relief base map from NASA SRTM; B) 2013-17 lava and 
pyroclastic flow deposits around the edifice. The collapse scar from previous edifice collapses is 
clearly seen as a scarp along the northern part of El Playón (red solid line), and is inferred from 
satellite imagery and digital elevation models in the south (red dashed line). The 2015 PDC extends c. 
10 km to the south from the bottom of the map.  














Figure 2. Summary of activity during the 2013-17 period of activity at Volcán de Colima, split into 5 
phases for the purposes of this study according to the broad activity at the volcano. Light grey 
shading in ‘Slow dome growth and explosions’ indicate periods where the dome is no longer 
increasing in volume (e.g. during lava flows from the crater) or periods of very slow growth but with 
small explosions. Line extending from Phase 6 refers to continuing seismic activity and fumarolic 
activity following the cessation of eruptive activity. Information from the Smithsonian’s Global 
Volcanism Project (GVP), Varley (2019), Arámbula-Mendoza et al., 2020, and references in the text.  















Figure 3. Chemical classification of Volcán de Colima andesites. A) Chemical classification according 
to scheme of Le Maitre et al. (1989), showing that the majority of samples are andesites. B) All 
studied samples plotted according to the K2O v SiO2 classification scheme for calc-alkaline rocks 
(Peccerillo and Taylor, 1976; Le Maitre et al., 1989), and demonstrates that samples are medium-K 
andesites and overlap with typical Colima compositions. Symbol colours represent the phases of the 
2013-17 eruption as shown in Figure 3. Light grey field represents historical Colima samples obtained 
from the GeoROC database (Luhr, 1992, 1997, 2002; Luhr and Carmichael, 1980, 1990; Luhr and 
Prestegaard, 1988; Luhr et al., 2010; Moorbath et al., 1978; Mora et al., 2002; Reubi and Blundy, 
2008; Reubi et al., 2017; Robin et al, 1987, 1991; Saucedo et al., 2010; Savov et al., 2008; Verma and 
Luhr, 2010). 
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Figure 4. Selected major and trace element plots of whole-rock compositions for Volcán de Colima 
andesites erupted the 2013-17 eruption, plotted against an index of differentiation (Mg-number). 
Symbology as in Figure 3. Red shaded areas indicate liquid Mg# ranges which would crystallise 
equilibrium pyroxenes in the mafic (M) and evolved (E) end members. Equilibrium Mg# ranges for E 
extend to the left of the axis extents in these plots, and ranges for M extend off to the right of the 
axis extents. 
 
















Figure 5. Time series of selected sample compositions showing SiO2, Mg# and Cr versus time. With 
the exception of minor deviations (see Section 5.1), most of the time series shows a relatively 
homogeneous bulk composition of these magmas. Analytical error for all three plots is smaller than 
the individual points.  Blue solid (average) and grey dashed (minima and maxima) lines represent the 
range of compositions from the post-1913 (1961 to 2005) samples erupted at Volcan de Colima, 
using data obtained from the GeoROC database (Luhr, 1992, 1997, 2002; Luhr and Carmichael, 1980, 
1990; Luhr and Prestegaard, 1988; Luhr et al., 2010; Moorbath et al., 1978; Mora et al., 2002; Reubi 
and Blundy, 2008; Reubi et al., 2017; Robin et al, 1987, 1991; Saucedo et al., 2010; Savov et al., 2008; 
Verma and Luhr, 2010). 
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Figure 6. Pyroxene phenocryst types described in Volcán de Colima samples from the 2013-17 
eruption. A) Typical low-Mg# homogeneous microphenocryst, with small apatite inclusions near the 
rim. B) Typical pyroxene assemblage within a glomerocryst. The agglomeration contains Normal 
Zoned, mostly Type 3 crystals, along with remnant olivine, plagioclase, oxides and interstitial melt. C) 
Typical Normal Zoned Type 1 phenocryst with rounded, low-Mg# core mantled by high-Mg# band 
and low-Mg# rim. D) Normal Zoned Type 2 crystal with a rounded core of intermediate composition 
mantled by high-Mg# band and low-Mg# rim.  The reverse-zoned crystals have a similar 
categorisation, but with the presence of a high-Mg# rim. E)  Normal Zoned Type 3 crystal with a 
high-Mg# core rimmed by a low-Mg# rim. F) Type 1 Reverse-Zoned crystal with a low- Mg# core 
rimmed by high-Mg# rim, with sharp core-rim boundary. 
 












Table 1. Summary of pyroxene crystal groups.  
Illustration Description Zoning (Numbers: Mg#) Abundance 
 Homogeneous 
Inclusion-rich, low-Mg-number crystal with low 
magnitude changes in Mg-number across crystal. 
Common as phenocrysts, in glomerocrysts and as 
microphenocrysts. 
Core, Band and Rim 69-75. 
Changes of ≤ 5 across crystal. 
Average: 71% (range 62-86) of 
total phenocrysts, 96% of 
microphenocrysts, and in 40-
65% of glomerocryst 
pyroxenes. 
 Normal Zoned – Type 1 
Rounded, sometimes embayed, low-Mg core with 
inclusions mantled by high-Mg band and low-Mg 
rim. 
Evolved Core: 69-75 
High-Mg Band: 75-88 
Evolved Rim: 69-75 
Average: 5% (range 1-10) of 
total phenocrysts. Very rare 
(<1%) as microphenocrysts. 
 Normal Zoned – Type 2 
Rounded, core with rare melt inclusions mantled 
by high-Mg band and low-Mg rim. Core has an 
intermediate composition between band and rim.  
Intermediate Core: 74-84 
High-Mg Band: 76-88 
Evolved Rim: 69-75 
Average: 2% (range 0-3) of 
total phenocrysts. Absent as 
microphenocrysts. 
 Normal Zoned – Type 3 
Rounded, high-Mg core with rare melt inclusions. 
Band occasionally present at intermediate 
compositions. Rimmed by a low-Mg rim with 
occasional inclusions.  
High-Mg-number Core: 77-89 
Intermediate Rim: 77-83 
Low-Mg-number Rim: 69-76 
Average: 17% (range 7-25) of 
total phenocrysts. Most 
abundant zoned 
microphenocrysts (3%). Most 
abundant zoned glomerocryst 
phase (-57%)  
 Reverse Zoned – Type 1 
Inclusion-rich, occasionally rounded low Mg core 
rimmed by high-Mg rim, with sharp core-rim 
boundary. Core similar to the ‘Homogeneous’ 
crystal type. 
Core Mg-number 69-76 
Rim: Mg-number 77-87  
Average: 4% (range 0-10) of 
total phenocrysts. Most 
abundant RZ type. Very rare 
(<1%) as microphenocrysts. 
Most abundant post-2015 (up 
to 10%). 
 Reverse Zoned – Type 2 
Rounded, intermediate core with rare melt 
inclusions mantled by inner high-Mg band and 
outer low-Mg band. Rimmed by high-Mg rim, with 
sharp core-rim boundary. 
Intermediate Core: 74-84 
High-Mg-number Band: 76-88 
Low-Mg-number Band: 69-75 
High-Mg-number Rim: 78-84 
Average: <1% of total 
phenocrysts. Rarest crystal 
type. Absent as 
microphenocrysts. 
 Reverse Zoned – Type 3 
Rounded, high-Mg core with rare melt inclusions 
mantled by low-Mg band. Rimmed by high-Mg rim, 
with sharp core-rim boundary. 
High-Mg Core: 77-86 
Low-Mg Band: 69-76 
High-Mg Rim: 77-83 
Average: 1% (range 0-2) of 
total phenocrysts. Absent as 
microphenocrysts. 
 












Figure 7. Mg# distributions for the major normal and reverse zoned pyroxene phenocryst types, split 
according to subtype. Box plots show the average (black horizontal bar) and 1 standard deviation 
distributions at the top and bottom of the box. Pink field shows the typical range of Mg# for 
Homogeneous-type crystals.  











Figure 8. Cr2O3 versus Mg# plots for the major normal and reverse zoned pyroxene phenocryst types, 
split according to subtype. Normal zoned subtypes have a characteristic high-Mg or intermediate-Mg 
band marked simply as ‘Band’ for these plots. Due to the presence of evolved and a mafic bands for 
the reverse-zoned types, these are differentiated using different symbols. In most cases, higher zone 
Mg-number is also associated with higher chromium content.  













Figure 9. Modelled temperature estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by crystal zone. Box represents the mean of temperature estimate values and bar 
represents 1 standard deviation. Colours as per the legend in Fig. 8.   














Figure 10. Modelled temperature estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by Mg#. Box represents the mean of temperature estimate values and bar 
represents 1 standard deviation. Point colours as per the legend in Fig. 8.       

















Figure 11. Modelled pressure estimates using the two-pyroxene geothermobarometer of Putirka 
(2008), grouped by crystal zone. Box represents the mean of pressure estimate values and bar 
represents 1 standard deviation. Colours as per the legend in Fig. 8.   
 













Figure 12. Schematic model of the interactions between resident evolved melts and injections of 
mafic melts from depth in the plumbing system of Volcán de Colima.   
 














Figure 13. Petrological model of the plumbing system at Volcán de Colima, combining petrological 
information from the findings of this study and published literature, along with geophysical evidence. 
General abbreviations include px (pyroxene), plag (plagioclase), ol (olivine), EQ (earthquake), DADs 
(Debris Avalanche Deposits). ‘Gp II’ refer to Plinian events with an alkalic component as described by 
Crummy et al. (2014). δ-ve dVp refer to relative negative dVp values, and δ+ve dVs refer to relative 
positive dVs values, and used as evidence for silicic magmas in this part of the crust by Sychev et al. 
(2019).  References as in the text.   
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